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Abstract. We study, by means of the model proposed in Del Popolo (2009), the effect of
baryon physics on the small scale problems of the CDM model. We show that, using this
model, the cusp/core problem, the missing satellite problem (MSP), the Too Big to Fail
(TBTF) problem, and the angular momentum catastrophe can be reconciled with observa-
tions. Concerning the cusp/core problem, the interaction among dark matter (DM) and
baryonic clumps of 1% the mass of the halo, through dynamical friction (DF), is able to flat-
ten the inner cusp of the density profiles. We moreover assume that haloes form primarily
through quiescent accretion, in agreement with the spherical collapse model (SCM)-secondary
infall model (SIM) prescriptions. The results of this paper follow from the two assumptions
above. Concerning the MSP and TBTF problem, applying to the Via Lactea II (VL2) sub-
haloes a series of corrections similar to those of Brooks et al. (2013), namely applying a
Zolotov et al. (2012)-like correction obtained with our model, and further correcting for the
UV heating and tidal stripping, we obtain that the number of massive, luminous satellites
is in agreement with the number observed in the MW. The model also produces an angular
momentum distribution in agreement with observations, that is with the distribution of the
angular spin parameter and angular momentum of the dwarfs studied by van den Bosch,
Burkert, & Swaters (2001). In conclusion, the small scale problems of the CDM model can
all be solved by introducing baryon physics.
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1 Introduction
Despite the ΛCDM model being highly successful in describing the observations of the Uni-
verse, its large scale structure and evolution (Spergel et al. 2003, Komatsu et al. 2011; Del
Popolo 2007, 2013, 2014), it has some problems in describing structures at small scales (e.g.,
Moore 1994; Moore et al. 1999; Ostriker & Steinhardt 2003; Boylan-Kolchin, Bullock, and
Kaplinghat 2011, 2012; Oh et al. 2011)1. The main problems are the a) cusp/core problem
(Moore 1994; Flores & Primak 1994), namely the discrepancy between the flat density pro-
files of dwarf galaxies and LSBs and the cuspy profile predicted by dissipationless N-body
simulations (Navarro, Frenk & White 1996, 1997; Navarro 2010); b) the “missing satellite
problem” (MSP), namely the discrepancy between the number of predicted subhalos in N-
body simulations (Moore et al. 1999) and the one observed2; c) the angular momentum
catastrophe (van den Bosch, Burkert,& Swaters, 2001 (VBS)) namely the angular momen-
tum loss in Smooth Particle Hydrodynamics (SPH) simulations of galaxy formation, giving
rise to disks (of dwarf galaxies) having angular momentum distributions different than those
of cold dark matter haloes, and disc size of simulated galaxies much smaller than the real
ones.
Concerning the Cusp/Core problem, numerical simulations predict an inner cuspy pro-
file, with inner slope ρ ∝ rα, with α = −1, from dwarf galaxies to clusters of galaxies, in the
case of the Navarro, Frenk, & White (1996, 1997) (hereafter NFW) profile, α = −1.5 in the
Moore et al (1998), and Fukushige & Makino (2001) simulations, or different values according
to the objects considered (Jing & Suto 2000; Ricotti 2003; Ricotti & Wilkinson, 2004; Ricotti
Pontzen, & Viel 2007; Del Popolo 2010 (DP10), Del Popolo 2011 (DP11); Cardone & Del
Popolo 2012; Del Popolo, Cardone, & Belvedere 2013). More recently (Stadel et al. 2009;
Navarro et al. 2010), it was shown that a better fit to density profiles is the Einasto profile,
characterized by a profile that flattens (becomes shallower) going to the center, until values
of α ≃ 0.8 at 120 pc (Stadel et al. 2009). The previously quoted smallest value for the slope
obtained in simulations is larger than that in observations, which usually show flat or almost
flat galaxy inner density profiles (Burkert 1995; de Blok, Bosma, & McGauch 2003; Swaters
et al. 2003; Del Popolo 2009 (DP09) , Del Popolo 2012a,b (DP12a, DP12b); Del Popolo &
1Other problems of the ΛCDM model are the cosmological constant problem (Weinberg 1989; Astashenok,
&Del Popolo 2012), and the “cosmic coincidence problem”.
2For the Milky Way (MW) the difference is larger than an order of magnitude.
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Hiotelis 2014; Oh et al. 2011; Oh et al. 2010, 2011; Kuzio de Naray & Kaufmann 2011).
The cusp/core problem, initially noticed in galaxies, is a problem also present in clusters of
galaxies. The studies by Sand et al. (2004), and more recently those of Newman et al. (2009,
2011, 2013), found flat inner density profiles in the case of several clusters. Several solutions
to the problem have been proposed (see de Blok 2010 for a review).
The solutions to the cusp/core problem can be distinguished (similarly to the solutions
to other small scale problems) into cosmological and astrophysical solutions. Cosmological
solutions are based on modifying the power spectrum at small scales (e.g. Zentner & Bullock
2003), or modifying the constituent particles of DM (Colin, Avila-Reese & Valenzuela 2000;
Sommer-Larsen & Dolgov 2001; Hu, Barkana & Gruzinov 2000; Goodman 2000; Peebles 2000;
Kaplinghat, Knox, & Turner, M. S. 2000). Otherwise, modified gravity theories, like f(R)
(Buchdal 1970; Starobinsky 1980), f(T ) (see Ferraro 2012), and MOND (Milgrom 1983a,b),
can solve the problem.
The astrophysical solutions are based on the idea that some “heating” mechanism pro-
duces an expansion of the DM component of the galaxy, reducing the inner density. In this
group, the main categories are: “supernova-driven flattening” (Navarro et al. 1996; Gelato
& Sommer-Larsen 1999; Read & Gilmore 2005; Mashchenko et al. 2006, 2008; Governato et
al. 2010; Pontzen & Governato 2011), and dynamical friction from baryonic clumps (El-Zant
et al. 2001, 2004; Romano-Diaz et al. 2008, 2009; Del Popolo 2009; Cole et al. 2011).
Concerning the second problem of the ΛCDM model, the MSP, Klypin et al. (1999),
and Moore et al. (1999) noticed that numerical simulations predicted much more subhaloes
in galactic and cluster haloes. The number of satellites having circular velocities larger than
Ursa-Minor and Draco were ≃ 500, while as it is well known the MW dSphs are much less
(9 bright dSphs (Boylan-Kolchin, Bullock, and Kaplinghat 2012), Sagittarius, the LMC and
the SMC). Subsequent cosmological simulations confirmed the problem (Aquarius, VL2, and
GHALO simulations (Springel et al. 2008; Stadel et al. 2009; Diemand et al. 2007b)). The
discovery of the ultra-faint MW satellites (Willman et al. 2005; Belokurov 2006; Zucker
2006; Sakamoto & Hasegawa 2006; Irwin et al. 2007) mitigated the problem but it did not
completely solve it.
The MSP recently has shown another feature, while analyzing the Aquarius and the Via
Lactea simulations. Simulated haloes have ≃ 10 (Boylan-Kolchin, Bullock, and Kaplinghat
2011, 2012) subhaloes too massive and dense to host MW brightest satellites. While ΛCDM
simulations predict at least 10 subhaloes having Vmax > 25 km/s, the dSphs of the MW all
have 12 < Vmax < 25 km/s, implying a discrepancy among simulations and the dynamics
of the MW brightest dSphs (Boylan-Kolchin, Bullock, and Kaplinghat 2011, 2012). This
feature of the MSP problem has been dubbed the Too-Big-To-fail (TBTF) problem3.
Also in this case, two main classes of solutions have been proposed: cosmological and
astrophysical. Similarly to the case of the cusp/core problem, cosmological solutions are
based on modification of the spectrum of perturbations or of the particles constituting dark
matter. Astrophysical solutions are connected to baryon physics, and consider: a) the change
of shape of satellites from cuspy to cored (Zolotov et al. 2012 (Z12); Brooks et al. 2013 (B13)),
which makes the satellites more subject to tidal stripping effects and even subject to being
destroyed (Strigari et al. 2007; Pen˜arrubia et al. 2010). In this picture, the present-day
dwarf galaxies could have been more massive in the past, and they were transformed and
reduced to their present “status” by strong tidal stripping (e.g., Kravtsov, Gnedin & Klypin
3Too big to fail means that the simulation satellites are too big with respect to MW satellites, and there
is no way to have them remain invisible.
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2004). b) Suppression of star formation due to supernova feedback (SF), photoionization
(Okamoto et al. 2008; B13), and reionization. In particular, reionization can prevent the
acquisition of gas by DM haloes of small mass, then “quenching” star formation after z ≃ 10
(Bullock, Kravtsov, & Weinberg 2000; Ricotti & Gnedin 2005; Moore et al. 2006). This
would suppress dwarfs formation or could make them invisible; c) effects of a baryonic disc
(Z12; B13). Disc shocking to the satellites passing through the disk produce strong tidal
effects on satellites, stronger if the satellite has a cored inner profile.
In the case of the TBTF problem other solutions have been proposed. The excess of
massive subhalos in MW could disappear if satellites density profiles are modeled through
Einasto’s profiles, or if the MW’s virial mass is ≃ 8×1011M⊙ instead of ≃ 1012M⊙ (Vera-Ciro
et al. 2012; Di Cintio et al. 2013).
The last problem is the “angular momentum catastrophe”.
SPH simulations of galaxies show that the angular momentum of baryons is not con-
served in the collapse, with the result that baryons have just 10% of the angular momentum
typical of real galaxies and that disks are too small in comparison with real disks (Navarro
& Benz 1991; Navarro & Steinmetz 1997; Sommer-Larsen, Gelato, Vedel, 1999; Navarro &
Steinmetz 2000). This problem is usually indicated with the name of “angular momentum
catastrophe”. Moreover, also the specific angular momentum distribution obtained in N-
body simulations disagrees with observations (mismatch of the specific angular momentum
profile).
The angular momentum catastrophe has been often connected to the over-cooling prob-
lem in CDM models (e.g., White & Reese, 1978; White & Frenk 1991). In absence of feedback
effects heating the gas (e.g., UV background reionization, ram pressure, tidal heating), the
gas contracts forming small haloes and then collapses towards the center of the system loosing
all angular momentum which is transferred by dynamical friction to the DM halo (Navarro
& Steinmetz 2000). Taking into account some form of feedback, like energy feedback from
supernova, reduces the problem (e.g., Sommer-Larsen, Gelato, Vedel, 1999). However, even if
feedback can avoid the loss of angular momentum other problems remain, like the mismatch
of the angular momentum profiles (e.g., VBS), or the fact that the scatter of the logarithm
of the spin parameter of real galaxies is smaller than that in simulations (de Jong & Lacey
2000).
Maller & Dekel (2002) proposed a model in which the DM distribution is different from
that of gas, due to gas processes. In this model, SF removes gas from small incoming haloes
(giving rise to the low angular momentum component of the system) eliminating baryons with
low specific angular momentum (see also Sommer-Larsen et al. 2003; Abadi et al. 2004).
However, feedback models even in the absence of substructures, and then DF, have prob-
lems in forming bulgeless galaxies (van den Bosch et al, 2002), unless there exists “selective
outflows” of low angular momentum gas (D’Onghia & Burkert 2004). Recently, Governato et
al. (2010) showed that outflows from supernovae explosions, removing gas with low angular
momentum produces bulge-less galaxies, with a baryonic angular momentum distribution
close to that of the galaxies stellar disc, and also flat galaxy density profiles.
The previous discussion shows that the small scale problems can be solved appropriately
taking into account the baryon physics. A trial to find a unifying baryon solutions to the
small scale problems is that of Z12, and B13. The quoted papers use the idea of Governato
et al. (2010). Z12 showed that the same model can solve the TBTF. Z12 found a correction
to the velocity in the central kpc of galaxies to mimic the flattening of the cusp due to SF,
and the enhancement of tidal stripping produced by a baryonic disc. This correction together
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with destruction effects produced by the tidal field of the baryonic disc, and the identification
of subhaloes that remain dark because of inefficiency in forming stars due to UV heating,
were applied by B13 to the VL2 subhaloes of the VL2 simulation (Diemand et al. 2008). As
a result the number of massive subhaloes in the VL2 were in agreement with the number of
satellites of MW and M31.
In the present paper, we study if the cusp/core problem, the angular momentum catas-
trophe, the MSP, and the TBTF problem can be simultaneously solved using baryon physics,
through the model of Del Popolo (2009).
The paper is organized as follows. In Sect. 2, we summarize the model. Sect. 3 describes
the results and discussion. Sect. 4 is devoted to conclusions.
2 Model
The model used in the following was already described in Del Popolo (2009), and Del Popolo
(2012a, b) (DP12a, DP12b). Here, we give a summary.
The model discussed in DP09, DP12a, b, is an improvement to the spherical infall models
(SIM) already discussed by several authors (Gunn & Gott 1972; Bertschinger 1985; Hoffman
& Shaham 1985; Ryden & Gunn 1987; Ascasibar, Yepes & Go¨ttleber 2004; Williams, Babul
& Dalcanton 2004)4.
However, while previous authors studied how the basic SIM of Gunn & Gott (1972)
is changed by introducing one effect at a time, as a) just random angular momentum (e.g.,
Williams, Babul & Dalcanton 2004), b) just adiabatic contraction (e.g., Blumenthal et al.
1986; Gnedin et al. 2004; Klypin, Zhao, and Somerville 2002; Gustafsson et al. 2006), or c)
just the effect of dynamical friction of DM and stellar clumps on the halo (El-Zant et al. 2001,
2004; Romano-Diaz et al. 2008), in our model the previous effects (adiabatic contraction,
dynamical friction, random angular momentum), and others (ordered angular momentum,
gas cooling, star formation (see the following)) are all simultaneously taken into account.
As already reported, Gunn & Gott (1972) studied the self-similar collapse in an ex-
panding universe, until “shell crossing”5. The evolution after “shell crossing” was studied by
Gunn (1977).
In the SIM, a spherical perturbation is divided into spherical shells and its evolution
followed in time. Since the initial density is larger than the critical one, each particle’s
trajectory oscillate through the center of symmetry. If xi is the initial comoving radius, each
shell, and the particles in it, will expand to a maximum radius, x(t,Mi), dubbed apapsis,
different for each shell. The first apapsis passage is named turn-around, radius, xta, or xm.
After turn-around and collapse, the trajectory oscillates through the symmetry center, shell
crossing starts and the mass interior to a shell is no longer constant, together with the energy.
In order to handle the effect of shell-crossing and make the problem analytically tractable
an adiabatic invariant is introduced (Gunn 1977). Gunn (1977) arrived to the conclusion
of such an adiabatic invariant observing that the ratio of apapsis distance to the current
turn-around distance decreases with time, and so does the ratio of the period of oscillation
to the time scale for halo evolution (Fillmore & Goldreich 1984). In other words, the central
shells make many oscillations before there are significant changes of the potential (Gunn
4Changes to the spherical collapse introduced by dark energy where studied in Del Popolo, Pace, & Lima
(2013a, b); Del Popolo et al. (2013).
5After a shell reaches the turn-around radius it starts to collapse encountering the inner shells which are
expanding or recollapsing giving rise to crossing of distinct shells.
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1977; Fillmore & Goldreich 1984), and the action variables6 associated with the particle’s
motion, in a potential which slowly varies, are invariant. Concerning the “goodness” of the
assumption indirect proofs are the good agreement between the results of high-resolution
numerical simulations and those of the SIM (e.g., Ascasibar et al. 2007).
One initially calculates the density profile at turn-around, ρta(xm), (Peebles 1980; White
& Zaritsky 1992; Hoffman & Shaham 1985), assuming mass conservation and no “shell-
crossing”. Then after shells start to cross, the final density profile is obtained assuming that
the central potential varies adiabatically (Gunn 1977, Fillmore & Goldreich 1984), leading
to
ρ(x) =
ρta(xm)
f(xi)3
[
1 +
d ln f(xi)
d ln g(xi)
]−1
, (2.1)
where f(xi) = x/xm is the collapse factor, and the turn-around radius of a shell, xm, is a
monotonic increasing function of xi, given by
xm = g(xi) = xi
1 + δi
δi − (Ω−1i − 1)
, (2.2)
being δi the density excess inside the shell (see Appendix A of DP09).
In our model, we consider systems with DM and baryons. The way in which they were
introduced, and how we fixed their distribution in our study was discussed in Appendix E of
DP09.
In the case of the dwarfs of VBS, the baryonic fraction was calculated by means of their
data. In the case of the other objects for which we do not have direct measures the baryon
fraction was fixed as in McGaugh et al. (2010). We want to stress that we did not posit two
different class of objects, and the baryonic fraction obtained by VBS (see their table 2), are
in agreement with those obtained by McGaugh et al. (2010) (see their table 2).
The detected baryonic fraction, fd, is given by
fd = (Mb/M500)/fb = Fb/fb (2.3)
where Fb =Mb/M500 is the baryonic fraction, and fb = 0.17± 0.01 (Komatsu et al. 2009) is
the universal baryon fraction.
The virial masses, Mvir, are converted to M500 using the method used in White (2001),
Hu & Kravtsov (2003), and Lukic et al. (2009). In the case of the VBS dwarfs, the baryonic
fraction was calculated by summing the disc mass, Mdisc and the gas mass, Mgas, by them
calculated and by the previous mass for the virial mass, Mvir, estimated from their data (and
converted to M500)
7.
During the evolution of the perturbation and its collapse, a random angular momentum
j(r, ν)rand, is generated by random velocities (Ryden & Gunn 1987). Usually, in the SIM
6The radial action variables is given by Jr = 2pi
∫ rb
ra
(dr/dt)dr, and the angular action is the angular
momentum.
7Usually structures are labeled by the their density contrast with respect to the critical density, ρc. The
mass in a given radius encompassing the overdensity ∆ is given by
M∆ =
4pi
3
∆ρcR
3
∆, (2.4)
M500 is the mass enclosed in R500, defining the radius within which the mean structure overdensity is 500
times the critical density ρc.
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papers in which angular momentum is taken into account, only the random angular momen-
tum is considered and assigned at turn-around (Nusser 2001, Hiotelis 2002; Le Delliou &
Henriksen, 2003; Ascasibar, Yepes & Go¨ttleber 2004), as
jrand = j∗ ∝
√
GMrm, (2.5)
or obtained by the random inner motions to the proto-structure (Ryden & Gunn 1987; Avila-
Reese et al. 1998; Williams et al. 2004; Del Popolo & Kroupa 2009). Instead of directly
assigning jrand, one can express it in terms of the ratio of pericentric, rmin, to apocentric
radii, rmax, e =
(
rmin
rmax
)
(Avila-Reese et al. 1998), which is constant, and approximately 0.2
in N-body simulations8. A more detailed analysis shows that particle orbits tend to become
more radial when they move to the turn-around radius, and moreover eccentricity depends
from the dynamical state of the system, so that
e(rmax) ≃ 0.8(rmax/rta)0.1, (2.6)
for rmax < 0.1rta, (Ascasibar, Yepes & Go¨ttleber 2004). Random angular momentum is
modeled through the Avila-Reese et al. (1998) method with the Ascasibar, Yepes & Go¨ttleber
(2004) correction.
The other form of angular momentum is the “ordered angular momentum”, h(r, ν)9,
produced by the tidal torque of the large-scale structure on the proto-structure (Hoyle 1953;
Peebles 1969; White 1984; Ryden 1988; Eisenstein & Loeb 1995; Catelan & Theuns 1996).
The total specific angular momentum, h(r, ν), is obtained by integrating the tidal torques,
τ(r), over time (e.g., Ryden 1988, Eq. 35). It is common to express the total angular
momentum in terms of the spin parameter, previously described. If the system is constituted
of DM and baryons, the DM, and baryonic spin parameter is given by
λgas(DM) =
Lgas(DM)
Mgas(DM)[2G(Mgas +MDM )r
1/2
vir ]
, (2.7)
Mgas(DM) being the gas(DM) mass inside, rvir, the virial radius, and Lgas(DM) is the angu-
lar momentum of gas(DM). The λ parameter distribution is well described by a lognormal
distribution (e.g. Vivitska et al. 2002). The way dynamical friction is taken into account
is described in Appendix D of DP09, and its effects on structure formation is calculated, as
in DP09, by introducing the dynamical friction force in the equation of motion (Eq. A14 of
DP09).
Since dynamical friction is an important component of the model, we summarize here the
model. To start with, in hierarchical models of structure formation the cosmic environment is
a collisionless medium with a hierarchy of density fluctuations. Matter is organized in lumps
which are part of larger groups, in a hierarchy. The gravitational field of such a system is
composed of an average field, originating from the “smoothed out” distribution of mass, and a
stochastic field generated from the local inhomogeneities. This last component of the field can
be described through a probability density W (Fstoch) (Chandrasekhar & von Newman 1942;
Kandrup 1989; Antonuccio-Delogu & Atrio-Barandela 1992), where Fstoch is the stochastic
8A value e ≃ 0.2 produces density profiles close to the NFW model. In Avila-Reese et al. (1998, 1999) it
was fixed at 0.3.
9The peak height ν is defined as ν = δ(0)/σ, where δ(0) is the central overdensity value, and σ is the
density field mass variance (Eq. B12 in DP09).
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force. A body of mass M (e.g., galaxy) moving through a cloud of smaller lighter bodies,
of mass m (substructure), distributed homogeneously and isotropically is slowed down due
to the so called “dynamical friction” force. A formula often used to describe this force is
the Chandrasekhar’s formula (Chandrasekhar 1943), and a more general treatment is that
of Kandrup(1980). In the last case the force per unit mass is given by
F = −µv = −
∫
W (F )F 2T (F )d3F
2 < v2 >
v (2.8)
being µ the coefficient of dynamical friction, T (F ) the average duration of an impulse of the
stochastic force, < v2 > the typical velocity of a field particle. In the case of a homogeneous
system, and using the virial theorem, Eq. (2.8) can be re-written as
F = −µv = −4.44[GManac]
1/2
a3/2N
log{1.12N2/3}v (2.9)
being nac the field particles comoving number density, N the number of field particles in the
system, and a the expansion parameter.
In order to calculate the dynamical friction force it is necessary to know the number
and distribution of field particles (substructure). As already reported, in the ΛCDM model
structure forms in a hierarchical bottom-up way. Halos contain subhalos, and the last con-
tains sub-subhalos (e.g., VL2 simulation). The subhalos cumulative mass function can be
approximated as Msub = 0.0064(Msub/Mhalo)
−1 to masses of Msub = 4 × 106M⊙ (Diemand,
Kuhlen & Madau 2007a; Hiotelis & Del Popolo 2006; Hiotelis & Del Popolo 2013)10. It is
interesting to note that Ma & Boylan-Kolchin (2004) showed that even only DM clumps
(subhalos) are able to flatten a cuspy profile.
In our model, gas forms clumps, which exchange angular momentum through dynamical
friction with dark matter. The mass of the clumps, mclump, is mclump ≃ 0.01Mhalo, similarly
to the clumps in Cole et al. (2011) simulations. Evidences of the existence of these clumps
come from observation of galaxies at high redshift (van den Bergh et al. 1996; Elmegreen et
al. 2004, 2009; Genzel et al. 2011) which found clumpy structures usually refereed as “clump
clusters” and “chain galaxies”. Inoue & Saitoh (2011) showed through SPH simulations that
these clumps are responsible for the cusp to core transformation in a similar fashion to what
described in this paper.
A fundamental “recipe” in galaxy formation is adiabatic contraction (AC) of DM haloes,
produced by the baryons condensation in the proto-structures centers. AC produces a steep-
ening of the DM density profile (Blumenthal et al. 1986; Gnedin et al. 2004; Gustafson et
al. 2006), when baryons cool dissipatively and collapse to the proto-structure center, giving
rise to a final baryonic mass distribution Mb(r) = M∗ +Mgas, where Mgas is the gas mass
and M∗ is that of stars. Dark matter particles initially located at radius ri will move to a
new radius r < ri, characterized by (Ryden 1988; Flores et al. 1993)
riMi(ri) = r [Mb(r) +Mdm(r)] , (2.10)
where Mdm is the final distribution of DM halo particles, and Mi(ri) the initial total mass
distribution, and Mb, as reported, the final baryonic mass distribution. If the halo particles
orbits do not cross, we have
Mdm(r) = (1− Fb)Mi(ri). (2.11)
10The ΛCDM model also predicts the existence of microhalos (e.g., Anderhalden & Diemand 2013).
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Once Mi(ri) and Mb(r) are given Eqs. (2.10), (2.11) can be iteratively solved to find the
distribution of halo particles. Usually it is assumed that the density profile of DM and
baryons is the same (Mo et al. 1998; Keeton 2001; Treu & Koopmans 2002; Cardone &
Sereno 2005), and it is given by a NFW profile. The final distribution of baryons is assumed
to be a disk (for spiral galaxies) (Blumenthal et al. 1986; Flores et al. 1993; Mo et al. 1998;
Klypin et al. 2002; Cardone & Sereno 2005)11.
The previous model was improved following Gnedin et al. (2004), who showed that
numerical simulation results are better reproduced if one assumes the conservation of the
product of the mass inside the orbit-averaged radius, and the radius itself
M(r¯)r = const. (2.12)
where the orbit-averaged radius is
r¯ =
2
Tr
∫ rmax
rmin
r
dr
vr
, (2.13)
where Tr is the radial period
12.
The previous model does not contemplate exchange of angular momentum among
baryons and DM. This is a good approximation in the early phase of the structure for-
mation, when baryons have a density an order of magnitude smaller than that of DM, but
later, when baryons density increase because of the collapse, the approximation is no longer
valid. Baryons density increase acts as a coupling process of DM and baryons (Klypin et al.
2001; Klypin, Zhao, and Somerville 2002). Excitation of spiral waves and/or the presence of
bar like modes can give rise to a non-axisymmetric component. The coupling effect is very
powerful in the last period of structure formation, with a reduction of DM density by a factor
of ten (Klypin, Zhao, & Somerville 2002; DP09; DP12a, b).
Similarly to other semi-analytical models, following the philosophy of the White & Rees
(1978) and White & Frenk (1991) works, we include other important physical processes such
as gas cooling, and star formation (see the following).
The structure formation in our model can be summarized as follows. The galaxy forma-
tion starts with the proto-structure in its linear phase, containing DM and gas. In our model
the baryons are initially in the form of a diffuse gas, with the previously quoted baryonic
fraction. In order to follow the structure formation, we divide the proto-structure into mass
shells, made of DM and baryons. The proto-structure evolution is followed in the expansion
phase, until turn-around, and in the following collapse by means of the SIM. As is known,
DM collapse earlier than baryons to form the potential wells in which baryons fall, and are
subject to radiative processes with the formation of clumps, which collapse to the halo center
condensing into stars, as described in Li et al. (2010) (Sect. 2.2.2, 2.2.3), De Lucia & Helmi
(2008), respectively. During the baryons infall phase, DM is compressed (AC). At this epoch
the density profile of the proto-structure steepens. In their travel towards the center, baryons
clumps are subject to DF from the less massive DM particles. This produces a predominant
motion of DM particles outwards. The effect of the previous mechanism is amplified by the
angular momentum acquired by the proto-structure through tidal torques (ordered angular
11In DP09, the final baryons distribution of typical spiral galaxies (e.g., MW, and M31) was determined
using the Klypin et al. (2002) model (see their subsection 2.1), and in the case of elliptical galaxies and
clusters it was assumed an Hernquist model (Rix et al. 1997; Keeton 2001; Treu & Koopmans 2002).
12Gnedin et al. (2004) used M(r¯)r = const instead of M(r¯)r¯ = const because the first one is a better
approximation to their simulations result.
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momentum), and by random angular momentum. The cuspy profile is flattened to a cored
one.
Before going on, we would like to spend some words on the reasons the model used here
is valuable (a deeper discussion on this issue can be found in DP09, and DP12a). Nowadays,
structure formation is mainly studied through numerical simulations. Their strength is the
ability to entrap to a large extent the complexity of non-linear processes. This is also their
point of weakness because it is complicated to un-knot and interpret the dynamical processes
they take into account in terms of the implicit physics. In this respect, semi-analytic models
are much more flexible than simulations, making it possible to separate the effects of physical
processes. Structure formation in simulations develops by the aggregation and merging of
subclumps of matter, while in models like the SIM, haloes are spherically symmetric, they do
not suffer major mergers, and accretion happens in a quiescent way. Nevertheless, the SIM
describes properly structure formation. A paper of Zaroubi et al. (1996), showed that in
energy space the collapse happens in a gentle way, very different from the chaotic collapse seen
in N-body simulations. Several following papers converged on this point (Toth & Ostriker
1992; Moore et al. 1999; Huss et al. 1999a, b). Moreover, the commonness of spiral galaxies,
with their thin, and fragile discs testify against the primary role of major mergers in their
formation (e.g., Toth & Ostriker 1992). This point of view is confirmed by recent simulations
that showed that at high redshift disc galaxies form through smooth accretion (Dekel et
al. 2009). Moreover, several studies compared the SIMs results against high-resolution
numerical simulations (e.g., Ascasibar et al. 2004, 2007), and showed that density profiles
obtained by the SIM are in good agreement with N-body simulations. Furthermore, particle
discreteness effects in dissipationless N-body simulations has been long debated (see Romeo
et al. 2008), and even if nowadays these effects are “under control (see Diemand et al. 2004)
the quoted simulations do not incorporate baryons. Also SPH simulations are not devoid
from problems. A recent paper of Marinacci et al.(2013) shows that the high resolution SPH
simulations of the formation of spiral galaxies have several drawbacks, starting from a not
clear understanding of the details of the physics, to modeling and numerics involved in those
calculations. Consequently alternative approaches (e.g., the SIM) may assume an important
role.
Our model, is able to deal with the baryonic processes shaping the inner structure of
clusters (and galaxies). It was able to predict in advance of SPH simulations (e.g., Governato
et al. 2010, 2012; Martizzi et al. 2012) the correct shape of the density profiles of clusters
(DP12a) and galaxies (DP09; Del Popolo & Kroupa 2009; DP12b), and correlations among
several quantities in clusters of galaxies (DP12a) later observed in Newman et al. (2013a,b).
The model also predicts correctly that the inner slope of the density profiles depends on the
halo mass (DP10, DP11), later seen in the SPH simulations of Di Cintio et al. (2013, 2014).
3 Results and discussion
As discussed in the Introduction, the small scale problems of the ΛCDM model can be solved
using cosmological or astrophysical solutions. The astrophysical solutions based on the role
of baryons in structure formation, are more easy to constrain than cosmological solutions,
and moreover do not request one to reject the ΛCDM paradigm for a new one.
In this section, we show how the model previously discussed changes the density profile,
the angular momentum distribution in galaxies, and the galactic subhaloes distribution and
characteristics. As done in previous papers, DP09, DP12a, DP12b, we will study the evolu-
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Figure 1. Fig 1a: density profiles of galaxies with mass 108M⊙ (dashed line), 10
9M⊙ (dotted line),
and 1010M⊙ (solid line). The halo with mass 10
9M⊙ has a baryon fraction fd ≃ 0.04 and a specific
angular momentum h ≃ 400 kpc km/s (λ ≃ 0.05), as in the case of UCG 6446. Fig. 1b: density profile
evolution of a 109M⊙ halo starting from z = 10 (solid line), when the profile is a NFW profile. The
following evolution represented by the long-dashed line, short-dashed line, dot-dashed line, dotted
line, represents the profile at z = 3, 2, 1, 0, respectively.
tion of protostructures from the linear phase until they form structures with galactic mass,
and then we calculate their density profiles, and the DM and baryon angular momentum
distribution. Then we find, similarly to Z12, an analytical correction to apply to the center
of the haloes which mimics the effect of flattening of the cusp, and finally similarly to B13,
we apply the previous correction together with the tidal destruction and UV heating effects
on subhaloes, to the VL2, as done by B13.
3.1 Cusp/core problem
We start with the Cusp/core problem. In Fig. 1a, we plot the density profile of a galaxy with
M = 108M⊙ (dashed line), 10
9M⊙ (dotted line), and M = 10
10M⊙. The specific angular
momentum was chosen similar to one of the VBS galaxies, namely UGC 6446, to be having
h ≃ 400 kpc km /s (λ ≃ 0.05), and the baryon fraction (see Sec. 2) is fd ≃ 0.04. The final
density profile is well described by a Burkert profile
ρ(r) =
ρ0
(1 + r/r0)[(1 + (r/r0)2]
(3.1)
being r0 and ρ0, the scale radius, and the central density, respectively.
A comparison of the density profiles produced by the model with the Governato et al.
(2012) result, showing a good agreement with SPH simulations, was carried out in DP12a.
As Fig. 1b shows, the density profile shape is dependent on mass. The slight steepening
of the density profile with mass was explained in DP09, DP10, DP12a. In summary, objects
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Figure 2. Dependence of the density profiles shape on angular momentum and dynamical friction.
The symbols are like in Fig. 1. Starting from Fig. 1a, the value of the specific ordered angular
momentum is changed from h, to 2h (panel a), and from h, to h/2 (panel b), leaving µ unchanged.
The value of µ is changed to 2µ (panel c), and to µ/2 (panel d), leaving h unchanged.
less massive originate from a smaller peak height ν. Since, the specific ordered (h), and
random (jrand), angular momentum acquired by the protostructure are anticorrelated with
ν, smaller objects acquire larger angular momentum. “Particles” of the protostructure having
larger angular momentum, will remain for a longer time close to maximum radius, giving rise
to shallower profiles (see also Williams et al. 2004). As described in DP12a,b, there exists a
correlation between the angular momentum acquired by the structure, the baryon content of
the structure, and the shape of the density profile. Then the larger is the angular momentum
acquired by the galaxy, the flatter is the density profile (see also DP09; DP12a).
The steepening of the density profile with mass is in agreement with density profiles
of THINGS galaxies (de Blok et al. 2008). de Blok et al. (2008) found that brighter, and
larger galaxies, with MB < −19 have density profiles well described both from cored and
cuspy profiles, while cored profiles are preferred for less bright, and less massive galaxies,
with MB > −19.
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Fig. 1b, shows the evolution of a 109M⊙ halo starting from the redshift of virialization
z = 10 (solid line). The density profile at z = 3, 2, 1, and 0, is represented by the long-dashed
line, short-dashed line, dot-dashed line, and dotted-line, respectively. The proto-structure
and profile evolution was summarized in the final part of Sect. 2. After virialization the
density profile evolution is due to secondary infall, two-body relaxation, interplay between
DM and baryons. As shown in Fig. 1b, the profile flattens and a core is formed within 1
kpc. A similar result was obtained by Romano-Diaz et al. (2008), who performed N-body
simulations of the DM density profile in the absence and in the presence of baryons. Cusp
erasing was connected by them to an influx of sub-haloes in the central part of the halo, as
well as to heating up of DM through DF, similarly to the El-Zant et al. (2001, 2004) results.
Concerning the model proposed by El-Zant, it is based on baryonic clumps which exchange
angular momentum through dynamical friction with DM. As previously reported, there are
observational evidences on the existence of these clumps, coming from high-z observations
of galaxies (van den Bergh et al. 1996; Elmegreen et al. 2004, 2009; Genzel et al. 2011).
These clumps are of fundamental importance in the formation of bulges, in the so called
“clump-origin bulge” (Noguchi 1998, 1999; Inoue & Saitoh 2012). Inoue & Saitoh (2011),
showed through SPH simulations that these clumps are able to flatten the cuspy profile.
Theoretical results in agreement with the previous ones are those of Ma & Boylan-
Kolchin (2004), Nipoti et al. (2004); Romano-Diaz et al. (2008, 2009)); Cole et al. (2011).
Cole et al. (2011) showed that the mechanisms described by the previous quoted authors are
very efficient in cusp erasing.
We hinted to the role of angular momentum on the density profiles shapes. Another
quantity on which the model depends is the “magnitude” of dynamical friction. The dynam-
ical friction force can be written (see Eq, D5 in DP09) as
F = −µv (3.2)
where µ is the coefficient of dynamical friction. The effect of changing this quantity is similar
to changing the magnitude of the angular momentum. Namely, increasing µ gives rise to
shallower profiles.
In Fig. 2, we plot how the density profiles change when h, and µ are changed. Fig. 2a
plots the density profiles in Fig. 1a when h is increased to 2h, leaving µ unchanged. In Fig.
2b h is decreased to h/2. As already reported, the increase in the magnitude of the angular
momentum flattens the profile, and its decrease produces a steepening of the profile. In Fig.
2c, the value of µ is increased to 2µ, and in Fig. 2d it is reduced to µ/2, leaving unchanged
the angular momentum. As already reported, the effect of dynamical friction is similar to
that of angular momentum, but its effect is slightly lower.
3.2 Angular momentum catastrophe
In the following, we study the angular momentum distribution (AMD) of the structure ob-
tained with the method described in Sect. 2 and compare it with that obtained by VBS
using 14 dwarfs. Before, we recall some theoretical background.
A virialized halo made of baryonic matter and DM of virial massMvir has a total specific
angular momentum (SAM), jtot = Ltot/M
13, L being the angular momentum, proportional
13Note that the SAM j used here is the total SAM, sum of h, and jrand seen in Sect. 2.
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Figure 3. The distribution of λ′ in the sample of dwarf galaxies by VBS (shaded histogram)
compared to the Maller & Dekel (2002) predictions for the baryons in dwarf galaxies (dashed curve),
and to N-body simulation result for dark halos by Bullock et al. (2000) (solid curve). The dashed
histogram represents our result.
to the maximum SAM, jmax, and the normalized cumulative distribution, m(j)
jtot = jmax
[
1−
∫ 1
0
m(k)dk
]
, (3.3)
where k = j/jmax, and
m(j) =
∫ j
0
p(j)dj. (3.4)
p(j)dj being the mass fraction having SAM in the j-j + dj range. A quantity often used to
express the angular momentum, L of a structure, is the spin parameter
λ = L
√
|E|/GM5/2, (3.5)
(Peebles 1969), where E indicates the system internal energy. For practicality reasons, the
previous spin parameter definition is substituted by
λ =
jtot√
2 rvirVvir
, (3.6)
where Vvir =
√
GMvir/rvir, and rvir is the virial radius. For a NFW profile, λ
′ = λ/
√
fc, and
fc is a function of the concentration parameter cvir (Mo et al. 1998). As shown by Bullock
et al. (2000), the AMD is well described by
m(k) =
µk
k + µ− 1 . (3.7)
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Bullock et al. (2000) showed that for a ΛCDM Universe with σ8 = 1.0, h = 0.7, Ωm =
0.3, ΩΛ = 0.7, µ has a Gaussian distribution in log(µ − 1)14. The probability distribution
corresponding to Eq. (3.7) is given by
p(t) =
ξµ(µ− 1)
(ξt+ µ− 1)2 , (3.8)
where t = j/jtot, and ξ is the ratio of the total and maximum SAM,
jtot
jmax
,
ξ =
jtot
jmax
= 1− µ
[
1− (µ − 1)ln
(
µ
µ− 1
)]
. (3.9)
Going back to VBS, in their study they fitted the rotation curves of 14 dwarfs (previously
studied by VBS), assuming that the galaxies are constituted by a NFW dark halo, a thin
gas disc, and a thick stellar disc. They obtained the concentration parameter, cvir, the
virial velocity, Vvir, fdisc = Mdisc/Mvir, and fgas = Mgas/Mvir. The SAM distribution was
obtained through m(j) = Mdisc(r)/Mdisc(rmax), where j = rVc(r). By means of Eq. (3.3)
they got jtot for each galaxy and from this the disc spin parameter
λdisc =
jtot√
2 rvirVvir
, (3.10)
Finally, they compared the histograms of λdisc distribution for the quoted galaxies with the
λ distribution of DM haloes (that they found agreement, in contrast with Maller & Dekel
2002, Governato et al. 2010), and the j distribution, p(t), that was compared to the DM
distribution. In their analysis, they assumed that the mass-to-light ratio was 1 in the R
band15.
We repeated their analysis as follows. We used the gas fraction, total SAM, obtained
by them, and estimated the mass of each galaxy from their Vvir, assuming like them that
the density profile was a NFW one16. Then, by means of the model in Sect. 2, similarly to
DP12a, we “simulated” each galaxy. Then, similarly to VBS we obtained the spin parameter
distribution, and the j distribution. Improved results could be obtained using the VBS
rotation curve data, and use a Burkert profile for the DM halo.
Like them, we calculated the cumulative AMD, m(j) = Mdisc(r)/Mdisc(rmax), we got
through Eq. (3.3) jtot, and then the spin parameter. Finally, we obtained the p(t) of the
AMDs.
The results are reported in Fig. 3, and Fig. 4. In Fig. 3, we plotted the λ′ distribution.
The solid line represents the results of Bullock et al. (2000) for the DM spin parameter
distribution, while the dashed curve, the spin parameter distribution for the baryons in
the 14 VBS galaxies obtained by Maller & Dekel (2002). The solid histogram is the spin
distribution obtained from the 14 VBS galaxies (see Maller & Dekel 2002), and the dashed
histogram is the spin parameter distribution obtained from the 14 VBS galaxies, using the
method of this paper.
The plot shows that the spin distribution of DM (solid line) is different from that of
galaxies (solid histogram). The spin distribution obtained by Maller & Dekel (2002) (dotted
14The mean is −0.6 and the standard deviation 0.4. For 90% of the haloes the value of µ is 1.06 < µ < 2.0
with 〈µ〉 = 1.25.
15In any case, the results are not sensitive to this choice, since dwarfs are DM dominated.
16For a NFW profile, the virial mass is given by Mv =
√
3
800piρcG3
V 3v =
√
1/100(H0G)
−1V 3v .
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Figure 4. The p(t) of the AMDs for one of the 14 galaxies of VBS (shaded area) compared to the
p(t) of Eq. (3.8) with µ = 1.25 (normalized to unity) (solid line), namely the median of the LCDM
haloes AMDs. In the left panel, we plot the result of our calculation, while in the right panel we plot
VBS result for UGC 6446. The difference between the two distributions is connected to the AMD
of baryons not incorporated in the disc (under the standard hypothesis of conservation of SAM of
baryons). Preferentially highest and lowest momenta baryonic matter is absent in the disc.
curve), and by us (dashed histogram), are in good agreement with the observational distribu-
tion of the spin parameter in galaxies. The Maller & Dekel (2002) feedback model produces
a good agreement with observations. As reported by them, the agreement is independent of
the feedback model used.
In Fig. 4, we plot the j profile for UGC 6446 obtained by VBS (Fig. 4b), and the one
calculated by us (Fig. 4a). In the figure, the solid line is the Bullock et al. (2001) average
DM j-profile (µ = 1.25), while the shaded area represent the p(t) of AMD for UCG 6446. The
figure shows the angular-momentum profile mismatch. The dwarf angular momentum shows
a deficit of angular momentum, at the high and low end of the distribution, with respect
to the DM distribution. In models like that of Maller & Dekel (2002) or simulations like
that of Governato et al. (2010), the low-j tail in the distribution is missing because feedback
(blowout) selectively removes gas from small satellites, giving rise to the material of the halo
having low-j.
In our model, the reduction of DM density in the inner part of haloes (previously
described) and the change of the angular momentum distribution, is due to the following
reasons.
Already more than a decade ago, semi-analytic models of galaxy and disc formation of
isolated halos predicted the correct size of discs and of disc galaxy formation (e.g., Mo, Mao,
& White 1998; van den Bosch 2002; Natarajan 1999; Firmani & Avila-Reese 2000; Buchal-
ter, Jimenez, & Kamionkowski 2001; Mayer, Governato, & Kaufmann 2008). The models
assumed that a) angular momentum is conserved during the collapse phase of baryons inside
halos, that b) baryons have the same initial specific angular momentum distribution of DM.
Vice versa, only recently it was understood that a necessary condition to form realistic galax-
ies and discs in simulations is to have high spatial and mass resolution (Mayer, Governato,
& Kaufmann 2008; Governato et al. 2010). This avoid “spurious” dissipation of angular
momentum that can be produced by the interaction of particles having noteworthy tempera-
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Figure 5. Total SAM distributions. The distribution of angular momentum in the halo n. 081
(dashed line), and in the halo n. 171 (dot-dashed line) of van den Bosch et al. (2002) compared with
the SAM of a 1012M⊙ halo obtained with our model (dashed histogram), and that for the density
profile reproducing the NFW halo (solid histogram).
ture difference or by artificial viscosity. Moreover, during merging angular momentum is lost
through DF. As before reported, the previous problem can be solved if the thermal energy of
baryons is enough to resist collapse, changing the merging hierarchy dictated by dark matter,
and forming a smoother distribution. If gas is not clumpy, but has a smooth distribution,
this reduces the angular momentum loss caused by DF.
In our semi-analytic model, structure formation undergoes quescient accretion, and
minor mergers, differently from simulations in which structures are obtained as a result of
major mergers of sub-haloes. The existence of many spiral galaxies with thin disks somehow
supports the previous quiescent formation mechanism. Moreover, Dekel et al. (2009), argued
that disc galaxies, at high z, are not formed through galactic mergers, but by smooth accretion
flows. Consequently, the angular momentum loss to which simulations are exposed, is not
present.
This can be shown, as already done in DP09, and Williams et al. (2004), as follows.
In Fig. 5 the dot-dashed line is the specific angular momentum distribution of the halo n.
170 of van den Bosch et al. (2002) (resembling most of the SAMs in van den Bosch et al.
2002). The dashed line represents the specific angular momentum distribution of the halo
n. 81 of van den Bosch et al. (2002) (shallowest distribution found in their simulations).
The dashed histogram represents the SAM of a halo of 1012M⊙ obtained with our model.
Starting from the 1012M⊙ halo obtained in our model, we reduced the angular momentum
in order to reproduce a NFW profile having 1012M⊙, and c = 10. Then we calculated the
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SAM for this halo, which is the solid line histogram in Fig. 5. This last histogram is closer
to the typical halos coming out from numerical simulations than the histogram relative to
our halo. Moreover, the histogram of the SAM of the halo reproducing the NFW profile
(solid histogram) is more centrally concentrated than the SAM of the halo of the initial
halo (dashed histogram). Fig. 5 suggests that halos in simulations loose angular momentum
between 0.1rvir and 1rvir, when compared to the halos obtained in our model, or in semi-
analytic models (see Williams et al. 2004), in agreement with the “angular momentum
catastrophe”
Similarly to what happened with the semi-analytic model previously cited (e.g., Mo,
Mao, & White 1998), halos and galaxies forming in our model are closer to real halos and
galaxies than those generated in simulations, at least closer that those generated in sim-
ulations of some years ago. As previously reported, recently, increasing the simulations
resolution and properly using feedback, simulations are able to form realist galaxies (e.g.,
Mayer, Governato, & Kaufmann 2008; Governato etl a. 2010).
Another important issue in the solution of the “angular momentum catastrophe” in
our model is the fact that angular momentum is mainly lost from the smaller baryonic
clumps. As reported in Sec. 3.1, the “ordered” angular momentum, h, acquired by an halo is
anticorrelated with the peak height ν, and consequently smaller haloes acquire larger angular
momentum. Similarly, the “random” angular momentum j is anticorrelated with ν (see Eq.
C13, and Fig. 8 in DP09). Consequently, smaller baryonic clumps inside the halo have larger
angular momentum (“random” angular momentum) than larger clumps. In the virialization
process, these clumps loose more angular momentum than larger clumps, explaining why the
low tail in the AMD is missing in Fig. 4.
3.3 The Too Big to Fail and the Missing Satellites problems
The other small scale problem of the ΛCDM model is the MSP, concerning the incorrect
prediction of simulations of the subhaloes distribution in structures or satellites in our MW.
The TBTF problem is a peculiar feature of the MSP, which showed that subhalos in a DM-
only simulation have significantly higher central densities than inferred from observations of
the Milky Way’s classical dwarf spheroidal satellites.
Several solutions have been proposed to both problems (Strigari et al. 2007; Simon &
Geha 2007; Madau et al. 2008; Zolotov et al. 2012; Brooks & Zolotov 2012; Purcell & Zentner
2012; Vera-Ciro et al. 2012; Di Cintio et al. (2012); Wang et al. 2012). B13, proposed
an interesting baryonic solution to the MSP and the TBTF problem. Namely, instead of
running SPH simulations of different galaxies, they tried to introduce the baryons effect in
large N-body dissipationless simulations, like the VL2, showing that the result obtained is in
agreement with observations of MW and M31 satellites.
In the following, we will partly follow their steps to obtain the corrected circular veloc-
ities and distribution of VL2 satellites in the framework described in Sect. 2.
In summary the method is based on the following ideas and is divided into two main
phases.
Initially the attention is directed to the isolated satellites, before accretion to the main
system. As noticed by several authors (e.g., Mashchenko et al 2006, 2008; Pen˜arrubia et al.
2010) the effects of the tidal forces of the main halo on a satellite depends fundamentally on
its shape. If the satellite has a cuspy profile, its structure will not suffer big changes, when
it will enter the main halo. If the satellite has a cored profile, the tidal field of the main halo
can strip easily its gas and in some cases even destroy it (Pen˜arrubia et al. 2010). So, this
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first phase, defining the shape of the satellite is of fundamental importance. This first phase
and the flattening of the satellites density profiles will be studied through our model.
Then comes the second phase, when the satellite is no longer considered isolated, it is
subject to the tidal field of the main halo, and finally it is accreted to the main halo (see the
following).
Our result for the flattening of the density profile (first phase), is expressed in terms of
the change to circular velocity in 1 kpc, as in Z12, and is given by
∆(v1kpc) = 0.3vinfall − 0.2km/s (3.11)
in the 20km/s < vinfall < 50km/s interval. We want to stress again that the previous correc-
tion is determined for the Z12 satellites, and this correction will be applied to VL2, together
with the other corrections discussed in the following. The correction that we obtained is close
to that obtained by Z12, accounting mainly for the reduction of the subhaloes central mass
produced by SF, and given by
∆(v1kpc) = 0.2vinfall − 0.26km/s
20km/s < vinfall < 50km/s (3.12)
The last equation gives the difference between DM and SPH runs, and then the correc-
tions to apply to satellites in N-body simulations that take account of the missing piece of
baryonic physics.
In the case of a vinfall = 30km/s, the Z12 correction gives ∆(v1kpc) = 5.74, while our
correction gives ∆(v1kpc) = 8.8. The difference between the ∆(v1kpc) of our model and that
of Z12 is due to the different models used to produce the pre-infall flattening of the satellites
density profile. The difference among our model and that used in Z12 is the model used to
calculate the pre-infall flattening. In Z12 the pre-infall flattening is due to SF, and in our
case is connected to dynamical friction. As shown by Cole et al. (2011), DF on infalling
clumps is a very efficient mechanism in flattening the DM profile. A clump having a mass of
1% of the halo mass can give rise to a core from a cuspy profile removing two times its mass
from the inner part of the halo. In the case of the SF the mechanism should be less effective
going down to lower masses (e.g., dwarfs with stellar mass < 105 − 107M⊙ have few stars
and supernovae explosions are as a consequence less present).
As reported by B13, the baryonic corrections taken into account by the Z12 correction,
and consequently ours, reduces the number of massive satellites that are expected in dissipa-
tionless N-body simulations, but we are also interested in seeing if the baryonic corrections
also reduce the number of luminous satellites, and for this other corrections are needed.
Our correction (Eq. 3.11), similarly to the Z12 correction applies to satellites that
survived at z = 0, and that had the central Vc reduced by baryonic physics. Before z = 0
satellites could have been destroyed (by e.g. stripping or photo-heating) (see the following).
In N-body simulations, like the VL2, baryons effects are not taken into account, and then
satellites that in the real universe or in SPH simulations may be totally destroyed by enhanced
tidal stripping (due to disks and cores) and SF, will not be destroyed in the VL2. Since
our correction and Z12 correction applies to satellites that survived to z=0, not those that
were previously destroyed, we need two other corrections (tidal stripping, and suppression of
star formation) as done by B13, to calculate the survived satellites and then apply the Z12
correction.
Here starts the second phase always mentioned, considering the effects of the interaction
between the main halo and the satellite.
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In order to take account of tidal stripping, and tidal heating after infall, to get accurate
Vmax values, we could follow the Taylor & Babul (2001) model (see the following), which
takes into account the effect of tidal mass loss, and tidal heating in an analytical manner.
However, this will be done in a future paper, and here we estimate the effect of stripping
after infall, adding two corrections as done in B13.
The first of the two corrections is the suppression of star formation by photo-heating,
obtained following the Okamoto et al. (2008) results. The last one is the destruction rates
by stripping of satellites, obtained following Pen˜arrubia et al. (2010).
We will use Eq. 8 from Pen˜arrubia et al. (2010), for subhaloes with density slope of
dark matter γ, to calculate
vmax(z = 0) = vinfall
2αxη
(1 + x)α
, (3.13)
where x ≡ mass(z = 0)/mass(z = infall), describing the change in Vmax as a function of mass
lost to tidal stripping, and α, and η are two fitting parameters whose values are connected to
the slope γ as shown in Fig. 6 of the Pen˜arrubia et al. (2010). For the DM-only runs, which
have cuspy density profiles, γ = −1 gives a good fit to the change in Vmax. Since the satellites
have a profile that can be cored, we have chosen a value of γ in the range γ = −0.5÷ 0, and
values of α, and η given by Pen˜arrubia et al. (2010), Fig. 6. In the case of the VL2 satellites,
the values of α and η are 0.4, and 0.3, respectively.
In order to use the quoted equation, we need to know the mass lost in tidal stripping.
Those values can be read from Fig. 6 in Z12. Then, we apply the Pen˜arrubia et al. (2010)
equation, to get the change in Vmax. Assuming that Vmax is approximately the same as V1kpc,
we get the needed correction after infall.
Similarly to B13, a) the population of satellites that looses more than 97% of their infall
mass, and b) all subhalos losing more than 90% of their infall mass, having also apocentric
passages < 20kpc and vinfall > 30km/s, are considered destroyed. Then the subhaloes that
remain dark because they are affected by UV heating, and do not form stars, are calculated
using the Okamoto et al. (2008) SPH simulations and Sect. 3.2 results of B13. Luminosity
is assigned to the VL2 satellites as done in B13 (Eqs. 3, 4).
Finally, we have to assign a luminosity to the satellites which survived. We use the
relation between vinfall and the stellar mass M∗ obtained by Z12
(
vinfall
kms−1
)6 = 55.56
M∗
M⊙
(3.14)
and then using a relation between M∗ and the visual magnitude MV
M∗ = LV × 10−0.734+1.404(B−V ) (3.15)
where
LV = 10
−(V −4.8)/2.5 (3.16)
Munshi et al. (2013), that we approximate as in B13 with
log10(
M∗
M⊙
) = 2.37 − 0.38MV (3.17)
The result of the previously corrections are plotted in Fig. 6. The top panel of this figure
represents the results from VL2 at z = 0. The bottom panel represents the same satellites
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after the previous discussed corrections (heating, destruction, and velocity corrections) were
applied. The red filled symbols are the object “observable” in VL2. Dark objects are marked
by empty circles. Objects marked with a circle and a “x” through them, represent subhaloes
that do not survive to the baryonic effects (e.g., baryonic disc, etc). Empty circles have a
mass smaller than the minimum to retain baryon and form stars. Finally, filled black circles
are satellites that lose 90% of their mass since infall, but do not satisfy the destruction criteria
previously described.
Note that the Z12 correction was not applied to satellites with vmax > 50km/s (for
example to the satellites with MV < −16, that are the 5 most massive satellites at infall,
and are the five that had vmax > 50km/s).
The number of satellites with v1kpc > 20 km/s is, similarly to B13, equal to 3. Differently
from B13, our central velocities are smaller (the correction to the circular velocity, ∆(v1kpc),
to subtract to the circular velocity itself, Vc, is larger in our model with respect to Z12,
and B13). Also in our case some satellites are “overcorrected”, namely their velocities are
negative.
The reason for the quoted overcorrection is similar to that described in B13. The halos
whose velocity is overcorrected, is a halo population that after infall lost a great part of
their mass and so, at z = 0, the circular velocity in 1 kpc, v1kpc, is very low, giving rise
to the quoted overcorrection. After infall, the quoted population lost more than 99.9% of
their mass, and moreover their tidal radius is < 1 kpc. The population can be considered a
population of destroyed subhaloes.
As in B13, UV heating, and tidal destruction are necessary to reconcile the total number
of luminous satellites with observations, while the Z12 correction is necessary to reconcile
the masses of the subhaloes with observations.
In the present section, we considered the evolution of satellites before infall, and calcu-
lated the flattening of the density profile using our model (not the SF flattening effect), and
added to this the further flattening (or reduction of the central rotation velocity) produced
by the interaction with the main halo. This last step was based on the calculation of the
flattening, after infall, shown in B13. In a forthcoming paper, we will improve the model
as follows. We calculate again the profile flattening of satellites before infall as done in this
paper, but then we will use a model, like that of Taylor & Babul (2001) able to follow the
merger history and growth of the satellites while interacting with the main halo, tracking
the substructure evolution in the main halo (Del Popolo & Gambera 1997), taking account
of the mass loss due to tides, and tidal heating. In this way, we have enough information to
conclude if they are massive enough to retain baryons and form stars.
Since our model is not so computationally “heavy” as SPH simulations, we could study
the MSP problem in different galaxies, since it is not enough to solve the problem in a single
galaxy to conclude that the problem is solved in galaxies different from ours. In fact, several
authors have discussed the MSP problem in relation to the host galaxy mass. Di Cintio et
al. (2012), Vera-Ciro et al. (2012), Wang et al. (2012), showed that if the MW true virial
mass is smaller than 1012M⊙, namely ≃ 8× 1011M⊙, the satellites excess may disappear.
In any case, the main point of our study, even if some points of the previous results
need to be improved, is that baryonic physics is able to solve simultaneously the small scale
problems of the ΛCDM model: cusp/core problem, angular momentum catastrophe, MSP,
and TBTF problem.
A similar result, has been obtained by a series of papers (Governato et al. 2010; Gov-
ernato et al. 2012; Zolotov et al. 2012; Brooks & Zolotov 2012). In those papers, the main
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Figure 6. Plot of v1kpc vs MV for the VL2 simulation subhaloes. In the top panel, we plot the VL2
satellites vs MV at z = 0, as in B13. In the bottom panel, we represent the same VL2 satellites of
the top panel with the baryonic corrections described in the text. The filled black circles represent
satellites that have lost enough mass, stars are stripped and the luminosities are upper limits. Filled
red circles are satellite observed at z = 0, while circles with an x are subhaloes that have low probability
to survive to tidal effects. Dark subhaloes are represented by empty circles.
effect producing the flattening of the cusp, and the TBTF solution is connected to the effects
of SF, following episodic bursts of supernovae.
In our model, the solution to the previous quoted problems is connected to the complex
interaction between DM and baryons mediated by DF. Our study is similar to those of El-
Zant et al. (2001, 2004), Romano-Diaz et al. (2008), Cole et al. (2011), in the sense that like
them in our study DF plays an important role. However, differently from the previous studies,
we consider the joint effect of several other effects (e.g., random angular momentum, angular
momentum generated by tidal torques, adiabatic contraction, cooling, star formation), that
in the quoted studies were not considered.
Before concluding this section, we want to recall that recently Ferrero et al. (2012)
showed that the field dwarf galaxies have a similar behavior as the satellites. In order to
reconcile the fact that the galaxy stellar mass function is less steep than that of dark matter
halos, it is necessary to assume that the efficiency of galaxy formation decreases in a sharp
fashion with decreasing halo mass. This implies that there should be a clear evidence that
dwarfs having noteworthy differences in stellar mass are hosted in haloes spanning a narrow
range in mass. This is not observed in their study, and moreover a large part of the galaxies
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by them studied have much less dark mass enclosed in the dwarf. One of the possibility to
solve the “puzzle” is that baryonic physics, like the blow-outs produced by SF, previously
discussed. However, especially in the smallest systems this solution seems very unappealing,
since it is difficult to explain how baryons in a galaxy with stellar mass similar to that of
globular clusters can change the inner structure of a 1010M⊙ halo.
This objection moved from Ferrero et al. (2012) to the SF model, was already discussed
in Sec. 3.3 of this paper. In that section, we reported that one has to expect that the
SF mechanism becomes less effective in smaller galaxies, since in dwarfs having stellar mass
< 105−107M⊙ a supernova explosion is less probable than in a larger galaxy having a larger
stellar mass.
The problem envisioned by Ferrero et al. (2012) for the SF mechanism is less important
in our model since the dark matter mass reduction process obtained through our model is
more efficient than that connected to SF. As reported in Sec. 3.3, clumps of 1% of the halo
mass can remove two times their mass, flattening cuspy profiles.
4 Conclusions
In the present paper, we studied the small scale problems of the ΛCDM by means of the
model presented in DP09 (see also DP12a, b) following the proto-structure evolution with
a semi-analytical model taking into account the effect of adiabatic contraction, dynamical
friction and the exchange of angular momentum between baryons and DM, ordered and
random angular momentum.
The model had already shown in DP09, DP12a,b, that the angular momentum got by
the system through tidal torques and random velocities (random angular momentum), can
be transferred in part to the DM from baryonic clumps of 1% the mass of the halo through
DF action. This produces a flattening of the cusp in agreement with previous studies based
on DF driven flattening of the cusp (El-Zant et al. 2001, 2004; Romano-Diaz et al. 2008) and
SF driven flattening of the cusp (Navarro et al. 1996a; Gelato & Sommersen-Larsen 1999;
Read & Gilmore 2005; Mashchenko et al. 2006, 2008).
The mass of the quoted clumps, similar to those used by El-Zant et al. (2001), and Cole
et al. (2001) is quite large. In the case of the MW, using data from McMillan (2011), 1% of
the halo mass of the MW, 1.26± 0.24× 1012M⊙, corresponds to ≃ 1010M⊙ close to the total
star content (6.43 ± 0.63 × 1010M⊙) or the disc mass (≃ 2.4× 1010M⊙). We want to recall,
that nevertheless the previous assumption, lighter clumps are more efficient. As shown by
Cole et al. (2011) in their Fig. 1, the ratio among the maximum “excavated” mass to the
mass of the clump increases with decreasing clump mass. While a clump of 1% of that of the
halo can excavate ≃ 2 times its own mass, a clump with mass 0.001% of that of the halo can
excavate till ≃ 5 times its own mass depending on the central density slope and the structure
scale radius (see Eq. 11 of Cole et al. 2011).
Another assumption, used in the paper is that haloes form primarily through quiescent
accretion, in agreement with the prescriptions of spherical collapse model. As previously dis-
cussed the existence of thin bulgeless disks support the previous idea, but at the same time we
know that the role of mergers, in general, is important in the overall formation of structures.
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We want to stress that our results are strictly depending on the previous two ad hoc
assumptions.
The MSP and TBTF problem were discussed in the same framework as follows. We
studied through our model how baryons influence the inner density profile (or the inner
circular velocity, v1kpc) before infall in the host halo. Then, we added the changes to v1kpc
after infall, produced by tidal stripping, and UV heating. We applied these corrections
to the VL2 satellites, obtaining the result that their mass and number is reconciled with
observations.
We also compared the distribution of spin, and the angular momentum distribution,
obtained from our model, to those obtained for 14 dwarfs by VBS finding that the DM and
baryons distribution is different and we did not observe the lost of angular momentum typical
of many past SPH simulations.
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